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Abstract
The present knowledge of the Mars atmosphere is greatly limited by a lack of global measurements of winds and aerosols. 
Hence, measurements of height-resolved wind and aerosol profiles are a priority for new Mars orbiting missions. We have 
designed a direct-detection lidar (MARLI) to provide global measurements of dust, winds and water ice profiles from Mars 
orbit. From a 400-km polar orbit, the instrument is designed to provide wind and backscatter measurements with a vertical 
resolution of 2 km and with resolution of 2° in latitude along track. The instrument uses a single-frequency, seeded Nd:YAG 
laser that emits 4 mJ pulses at 1064 nm at a 250 Hz pulse rate. The receiver utilizes a 50-cm diameter telescope and a double-
edge Fabry-Pérot etalon as a frequency discriminator to measure the Doppler shift of the aerosol-backscatter profiles. The 
receiver also includes a polarization-sensitive channel to detect the cross-polarized backscatter profiles from water ice. The 
receiver uses a sensitive 4 × 4 pixel HgCdTe avalanche photodiode array as a detector for all signals. Here we describe the 
measurement concept, instrument design, and calculate its performance for several cases of Mars atmospheric conditions. 
The calculations show that under a range of atmospheric conditions MARLI is capable of measuring wind speed profiles 
with random error of 2–4 m/s within the first three scale heights, enabling vertically resolved mapping of transport processes 
in this important region of the atmosphere.
Keywords Mars · Lidar · Wind · Doppler · Remote sensing · Aerosol
1 Introduction
Previous space-based measurements [1–5] and modeling 
[6, 7] have been used to study Mars atmospheric processes. 
Observations show that the main variability in the pre-
sent Mars climate is related to variations in the spatial and 
temporal distribution of dust and water ice aerosols [8, 9]. 
Dust interacts strongly with infrared radiation, which leads 
to changes in the thermal structure and acts as a driver of 
atmospheric motions at all spatial scales [10]. Water ice 
clouds play an important role in the water cycle altering the 
global transport of water vapor, including to active surface 
briny water flows (i.e., recurring slope lineae) [11, 12]. The 
vertical distributions of dust and water ice aerosols exhibit 
complex structures that are not well-understood [13, 14]. 
Observations using imaging and spectroscopic instruments 
on Mars orbiters [13, 15–19] have shown a wide variety of 
unexpected behavior including detached clouds, inversions 
in aerosol vertical profiles and very high altitude clouds. 
New measurements of the diurnal variations of aerosols, 
water vapor abundance, and winds [20, 21] are still required 
to answer some important questions.
Despite low atmospheric density, the winds are often 
strong enough to raise large amounts of dust from the sur-
face, and at times the planet can become almost completely 
enshrouded in it (see [16, 22] for one such example). The 
winds transport water vapor, dust and ice aerosols, and mix 
all atmospheric gaseous constituents. Wind erodes the sur-
face to create dust and sand particles and then transports 
these aeolian deposits, reshaping the surface geology. Winds 
regulate the transfer of water vapor and heat throughout the 
atmosphere and are a primary player in all surface-atmos-
phere interactions. Wind velocities provide sensitive input 
and validation for Global Circulation Models (GCMs), and 
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are important for the safety and precision of spacecraft entry, 
descent and landing (EDL). Finally, Mars weather and wind 
predictions are important since dust storms and high winds 
affect mission operations on the surface that require visibil-
ity and consistent solar irradiation [16, 23, 24].
Despite their importance, there are very few direct obser-
vations of Mars winds. Current knowledge relies on a few 
cloud and wind streak observations, isolated observations 
from the Viking and Mars Science Laboratory landers [25, 
26], and indirect inferences of wind speeds that are often 
imprecise and contain many assumptions (e.g., [27]). The 
ability to sample wind profiles globally at all times of day 
and throughout seasons will also directly address science 
goals relating to the water cycle [11, 12, 28]. In addition 
to present day atmospheric processes, comparison of cur-
rent wind values with recent and varying aeolian features 
will yield information on formation mechanisms, rates 
of change, and historical wind trends [30–32]. The 2011 
Planetary Science Decadal Survey and the Mars Explora-
tion Program Analysis Group (MEPAG) Goals Documents 
have cited several investigation aims that would be directly 
addressed by aerosol and wind measurements from orbit [21, 
33], and knowledge of winds remains a key “knowledge gap” 
for future human exploration of Mars.
2  Lidar overview
We have designed a direct-detection Doppler wind lidar for 
Mars orbit (MARLI) to address these needs. It is designed 
to provide vertically-resolved profiles of dust, water ice, 
and line-of-sight (LOS) winds to the surface, globally in all 
seasons day and night [34–38]. MARLI is designed to oper-
ate from a spacecraft in a circular polar orbit at a nominal 
altitude of 400 km. MARLI will be pointed 30° off-nadir in 
the cross-track direction, allowing for retrieval of cross-track 
wind profiles as shown in Fig. 1.
A block diagram of the instrument design is shown in 
Fig. 2. The lidar transmitter is a frequency-locked, diode-
pumped Nd: YAG laser that emits optically polarized pulses 
at 1064 nm. The MARLI receiver measures the vertically-
resolved aerosol scattering profiles in the same polarization, 
as well the backscatter profiles that are cross-polarized. The 
parallel polarized backscatter profiles are passed through a 
solid, fused-silica Fabry-Pérot etalon used as a frequency 
discriminator, and their Doppler shifts are measured via the 
double-edge Fabry-Pérot lidar technique [39–41].
The present layout of the MARLI lidar is shown in Fig. 3. 
The current estimates of instrument payload parameters are 
a mass of 36 kg, operating power of 81 W, and data rate of 
50 kbit/s. These parameters are nominal and were derived 
from the prototype versions of the laser, telescope, receiver 
optics, and detector.
In the remaining sections we describe the MARLI Doppler 
and polarization measurement approaches. Next, we provide a 
description of the major elements of the prototype instrument 
and discuss our method of determining the laser frequency 
and Doppler accuracy. We then present Mars atmospheric 
conditions from measurements taken by the Mars Climate 
Sounder used to calculate the expected instrument perfor-
mance. Finally, we present a lidar model and estimate the 
measurement performance. We also briefly discuss our ongo-
ing work to mature the technical readiness of the MARLI 
instrument to prepare for its consideration for a space mission.
3  Measurement approach
In orbit the MARLI instrument is designed to be nominally 
pointed at 30° from nadir in the cross-track direction. Its 
laser emits stable narrow linewidth laser pulses at a 250 Hz 
rate. The lidar receiver measures range-resolved back-
scatter profiles of the Mars atmosphere in three channels. 
The MARLI transmitted laser pulses are highly polarized 
(100:1). Two of the receiver channels measure the parallel-
polarized backscatter but their passbands in frequency are 
slightly offset from one another to resolve the Doppler shift 
caused by wind-blown aerosols. The third channel meas-
ures the cross-polarized laser backscatter and is not Doppler 
resolved. The cross-polarized profiles can be used to detect 
and profile scattering from ice crystals that form clouds on 
Mars [42, 43].
The laser photons that are scattered by aerosols back 
toward the lidar undergo a frequency shift due to the Doppler 
Fig. 1  MARLI measurement concept. The lidar is pointed 30° off-
nadir in the cross-track direction
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effect. The frequency shift is given by Δf = 2·f0VLOS/c, where 
f0 is the transmitted laser photon frequency, VLOS is the wind 
velocity in the line-of-sight direction and c is the speed 
of light. At the MARLI laser frequency of 281.759 THz 
(1064 nm) the resulting frequency shift for a 1 m/s LOS 
wind speed is 1.8 MHz. At 1064 nm the low atmospheric 
pressure of Mars (~ 7 hPa at the surface) causes very little 
Rayleigh scatter and the ratio of aerosol to Rayleigh scatter 
is ~ 2000 or greater. This allows MARLI to use the stronger 
Nd:YAG laser emission at 1064 nm, in contrast with lidar 
approaches for measuring winds in Earth’s atmosphere that 
use the second (532 nm) or third harmonic (354.7 nm) wave-
lengths [44, 45].
Historically several types of spectral filters have been 
used in direct detection Doppler lidar receivers, includ-
ing approaches based on etalons, absorption lines [46], 
Fizeau interferometers [47], fringe imaging [48], and 
Mach–Zehnder interferometers [49, 50]. The MARLI opti-
cal receiver uses a frequency discriminator based on the 
double-edge Fabry-Pérot etalon (DEFP) technique [40, 
51–53]. Using a single edge technique, high measurement 
sensitivity of the LOS aerosol motion was achieved using 
the edge of a spectral filter [41]. The use of a second filter 
edge (i.e. double-edge) increases the measurement sensitiv-
ity resulting in a 1.6-times improvement in the measure-
ment accuracy [40]. The double-edge technique involves 
locking the laser frequency at the crossing point (i.e. the 
half-widths) of two filter edges of opposite slope and meas-
uring the changes in signal through the two filters simulta-
neously. We chose the DEFP technique with a solid etalon 
for MARLI due to its simplicity, ruggedness, and its com-
patibility with the number of pixels available in the lidar 
detector.
In the MARLI receiver design a single etalon is used for 
both edge filters, similar to the design described by Kim 
et al. [54]. Briefly, the laser backscatter that is collected 
by the receiver telescope is split into two paths, which are 
directed through a solid, fused silica Fabry-Pérot etalon at 
two slightly different angles. One of the paths is normally 
incident on the etalon front surface while the other is offset 
by 1.2 mrad. After passing through the etalon both paths 
illuminate separate detector elements. This angular offset 
shifts the optical passband frequency for the offset path, and 
both paths together form a simple double-edge frequency 
discriminator. When the laser frequency is locked to the 
crossing point of the two filters the zero-Doppler-shift point 
is at the maximum slopes of the two passbands. With an 
etalon, the angular offset of the second path causes a slightly 
lower transmittance and slightly broader, asymmetrical 
bandwidth for that path, which does slightly degrade the 
measurement precision [55].
Fig. 2  Block diagram of the 
MARLI lidar
Fig. 3  Present MARLI flight-instrument concept. The receiver tel-
escope is 50 cm in diameter
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4  Lidar component description
The prototype laser transmitter was designed and con-
structed by Fibertek, Inc. and leveraged some elements of 
an earlier laser design used in the Cloud-Aerosol Trans-
port System lidar [56]. The Nd:YAG laser is a Q-switched 
master-oscillator power-amplifier (MOPA) design using a 
tunable single frequency seed laser, a ring oscillator, and a 
single stage power amplifier.
The MARLI laser requires a low power single frequency 
laser to seed the laser’s ring oscillator in order to maintain 
a stable single frequency emission. Our approach uses a 
micro-non-planar ring oscillator (µNPRO) that is being 
developing for the Laser Interferometer Space Antenna 
(LISA) mission [57]. The µNPRO allows higher power and 
narrower, and much more stable linewidth than a diode seed 
laser in a small, efficient package. The present µNPRO lay-
out is shown in Fig. 4.
Figure 5 shows the layout of the laser transmitter with 
optics and the amplifier on the front face, and the electronics 
and laser output on the opposite face, along with the single 
cold plate for connection to an external heat pipe or liq-
uid cooling plate. The laser parameters are listed in Table 1 
along with specifications for the telescope, receiver optics, 
and detector.
The lidar receiver uses a Cassegrain telescope made of 
beryllium that has a 50-cm diameter and a 2-m effective 
focal length. The telescope optical surfaces are gold coated 
with a sunshield surrounding the primary mirror that may 
also be used as a thermal radiator. From the field stop, the 
received light is recollimated to a beam diameter of 50 mm 
to fill the etalon’s clear aperture. The received photons then 
pass through the spectral filter assembly, which includes (in 
series) a bandpass filter, a gapped etalon, a diffractive optical 
element (DOE), and the fused-silica (fine) etalon that forms 
the double-edge filter. Plots of the frequency-dependent 
transmission of each element in the serial filter stack are 
shown in Fig. 6.
The bandpass filter (black curve in Fig. 6a–c) blocks most 
of the solar background. Its transmission peak was designed 
to be sufficiently narrow to block all but one passband of 
the coarse etalon (green curve). Although five resonance 
peaks of the fine etalon are contained within the FWHM 
of the coarse etalon bandwidth (Fig. 6b), this configuration 
allows sufficient optical transmission at the laser wavelength 
while also minimizing the daytime optical background to the 
detector. The cumulative transmission losses of the three 
elements combined with locking the frequency to the edge 
of the fine etalon at the half-width point results in an overall 
filter stack transmission of 32% for each of the double-edge 
Doppler channels.
After the coarse etalon the optical signal passes through a 
polarizing beamsplitter (PBS). It reflects parallel-polarized 
light towards the DOE and the double-edge filter, while 
the perpendicularly-polarized light is transmitted through 
the PBS towards a second optical path that bypasses these 
elements. The linear depolarization ratio of the backscat-
tered profile can be calculated from the measurements 
of the signal through each of the edge filter channels 
Fig. 4  Layout drawing for the µNPRO seed laser package and optical 
bench. The approximate dimensions are 5 cm by 6 cm by 1 cm
Fig. 5  Two views of the MARLI laser optical bench. a A layout 
drawing of the laser’s optical bench. The red line traces the laser 
beam path from the seed on the left-hand side through to the peri-
scope on the right lower section, after which the beam is expanded 
before exiting the laser on the back face. b A photograph of the same 
side of the as-built laser prototype during assembly from the same 
viewpoint. The approximate dimensions are 40 cm by 22 cm by 15 
cm. The seed laser stage is not shown
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(parallel-polarization) and that from the perpendicular 
polarization channel, yielding information on the vertical 
distribution of ice crystals [43].
The two beams from the fine etalon and the one from the 
cross-polarized channel are focused in three 113 µm diam-
eter spots on the HgCdTe APD surface. Each of the beams 
is focused onto separate 2 × 2 pixel quadrants of the detector. 
The HgCdTe APD has an APD gain of up to 900 and a 0.4 
fW/Hz1/2 noise equivalent power [58–61]. The detector chip 
and preamplifer are mounted within an integrated detector 
cooler assembly (IDCA) are shown in Fig. 7. A similar 
version of this IDCA was developed to TRL-6 under the 
NASA In-Space Validation of Earth Science Technologies 
(InVEST) program [62].
The MARLI receiver electronics sum the signals from 
the four pixels in each quadrant of the detector and digitize 
the signals from the three channels with an analog to digi-
tal converter (ADC). The ADC subsystem will measure the 
detector signal levels in 500 ns bins (corresponding to a 75-m 
vertical bins) for every laser pulse. Every 0.5 s the lidar will 
record the range-resolved measurements of the atmospheric 
backscatter in both parallel channels, and ratios of cross- to 
parallel-polarized backscatter will be recorded, along with 
instrument housekeeping data. After averaging those records, 
the LOS and horizontal wind profiles, the parallel polarized 
aerosol profile and the profile of the cross-polarized back-
scatter scatter will be computed. Although the amount of 
both the vertical and horizontal averaging are flexible, our 
performance analyses are based on using averaging of 2 km 
vertically and 2 degrees of latitude (40 s) horizontally.
5  Doppler accuracy and bias control
Accurate retrieval of the wind-induced Doppler shift 
depends on knowledge of the relative frequency offset of 
the transmitted laser pulses and the crossing-point of the 
double edge filter. Several factors can contribute to this off-
set including laser frequency stability, temperature changes 
of the double-edge filter, and the velocity of the surface with 
respect to the orbiting instrument. We discuss our monitor-
ing and compensation approaches for these potential sources 
of bias below.
A seed laser is used to stabilize the center frequency of 
the ring oscillator of the laser transmitter. When first start-
ing the laser, its frequency may be several gigahertz away 
from the double-edge filter’s zero-crossing point. For broad 
frequency tuning, the seed laser’s frequency can be tuned 
via temperature tuning of the seed laser crystal. To stabilize 
the laser frequency and/or offset a known bias, the seed laser 
frequency can be tuned at the MHz level via piezoelectric 
tuning the seed laser crystal.
We have developed a two-stage wavelength monitor 
subsystem that continuously samples the outgoing laser 
wavelength to monitor the seed laser’s frequency as shown 
in Fig. 8. Our approach first directs a small portion (< 1%) 
Table 1  Parameters for the MARLI lidar
Laser Receiver telescope Receiver double edge etalon
 Wavelength 1064.48 nm  Type Cassegrain  Material Fused silica
 Laser line width (FWHM) 30 MHz  Diameter 50 cm  Surface reflectance 88.20%
 Laser divergence 375 µrad  Field of view 60 µrad  Index of refraction, nE 1.45
 Pulse duration 28 ns  Material Beryllium  Free spectral range, Fλ 2.59 GHz
 Pulse repetition rate 250 Hz  Coating Gold  Finesse, ℱ 25
 Energy per pulse 4–5 mJ Receiver optical bandpass filter  Diameter 60 mm
 Polarization purity 100:1  Passband FWHM 1.072 nm/283.7 GHz  Clear aperture 50 mm
 Sideband suppression 23 dB  Peak transmission 98.65%  Input beam divergence < 0.7 mrad
 Output beam divergence 40 µrad Receiver coarse etalon  Peak transmission, ηpk 70%
 Frequency stability 5 MHz/30 min  Plate spacing 0.428 mm  Absorption 1.90%
 Output beam diameter 5.2 cm  Fabry-Pérot FSR 1323 pm/350.1 GHz  Thickness 41.351 mm
 Maximum tuning rate 10 MHz/s  Fabry-Pérot FWHM 51 pm/13.4 GHz  Passband FWHM, △λE 100 MHz
Seed Laser  Effective finesse 26  Off-axis beam angle 1.22 mrad
 Mode-hop free tuning 
range
30.2 GHz  Clear aperture 60 mm Receiver detector
 Temperature sensitivity 3 GHz/K  Input beam divergence 0.6 mrad full angle  Detector type HgCdTe APD
 Output power 15 mW  Maximum transmission 0.9  Quantum efficiency 0.9  e−/photon
Diffractive optical element  No. of pixels 4 × 4
 Substrate Fused silica  Temporal response 
(FWHM)
6 ns
 Separation angle 1.2 mrad  Noise-equivalent Power 0.3 fW/Hz1/2
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of the laser emission through a gapped Fabry-Pérot etalon 
which acts as an edge filter. This etalon is identical to the 
coarse etalon used in the receiver filter stack (Table 1) except 
that the incident angle is offset from normal by 6.71 mrad. 
This shifts the etalon’s passband by 6.75 GHz, thus creat-
ing a single-edge filter. The signals from silicon photodiode 
detectors are used to temperature-tune the seed laser to the 
gapped etalon 50% transmission point, ensuring the laser is 
within the double-edge filter bandpass.
In the present design, a second, finer wavelength monitor 
stage utilizes the small area of the fine etalon in the receiver 
subsystem that is shadowed by the telescope secondary. We 
first direct a small portion of the transmitted laser energy via 
a single-mode optical fiber to the receiver subsystem. This 
monitor signal is directed from the optical fiber to a small 
mirror suspended via support vanes in front of the center 
of the diffractive optical element. This creates two monitor 
beams that are offset in angle by 1.2 mrad. After the monitor 
beams pass through the etalon, a second small mirror reflects 
the two monitor beams out of the main receiver path and a 
focusing lens images them onto two elements of a silicon 
detector. The ratio of the signals on the two elements is used 
to tune and lock the seed laser frequency to the crossing 
point of the double edge filter. A similar wavelength tracking 
method was used successfully in the 532 nm receiver chan-
nel of the GLAS lidar on the ICESat mission [64].
The passbands of the double-edge filter are also tem-
perature sensitive, so changes in its temperature can also 
introduce Doppler bias into the measurements. The temper-
ature-dependence of the index of refraction of fused silica 
causes the passband frequency to shift by 355 MHz for 
every 1 °C temperature change. For MARLI this leads to a 
Fig. 6  Plots of the optical transmission versus frequency for the ele-
ments of the optical filter stack in the MARLI receiver. a The opti-
cal bandpass filter (black) rejects all but one transmission order of the 
air-gapped coarse etalon filter (green). Only one set of resonances for 
the fine etalon are shown in a for clarity. The relative frequency is 
defined as offset from the laser frequency. b An expanded region of 
a showing the transmissions curves of the coarse etalon and the two 
channels of the fine etalon. c An expanded region of b showing the 
two transmission functions of the fine etalon, that together comprise 
the double edge filter. d The approximate Doppler retrieval curve 
computed from the ratio of the difference over the sum (RDOS) trans-
missions of the two edge filters for the relative frequency region from 
− 70 to + 70 MHz
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requirement that the temperature of the fused silica etalon 
be held to ± 5 mK for a passband stability of 1.77 MHz. In 
addition, the thermal gradients within the etalon must be 
minimized. Our present approach is to enclose the receiver’s 
optical subsystem in a warm-biased insulated thermal enclo-
sure (as in [45]), and to stabilize the enclosure’s temperature.
In addition to instrument effects the rotation of Mars 
will induce a latitude-dependent sinusoidal Doppler sig-
nal caused by the cross-track pointing and polar orbit. Its 
amplitude is ~ 213 MHz and its period is ~ 2 h. The slow 
predictable nature and amplitude of this effect allows it to 
be compensated via piezoelectric tuning of the seed laser’s 
frequency. The lidar return from the Mars surface may also 
be used as a reference for the transmitted laser frequency. 
The ratio of the surface return from the two Doppler chan-
nels can be used to monitor the relative offset of the laser 
frequency from the crossing point of the double-edge filter. 
This technique has the benefit of using the same optical path 
as the atmospheric backscatter signal.
6  Instrument performance model
We have developed a statistical model of the MARLI lidar 
measurements to guide instrument design and to predict 
the lidar’s performance in orbit. Our approach builds on 
previous space lidar measurement models which we have 
developed while building and operating the Mars Orbiter 
Laser Altimeter (MOLA), the Geoscience Laser Altim-
eter System (GLAS) atmospheric lidar channel, the Mer-
cury Laser Altimeter (MLA), and the Lunar Orbiter Laser 
Altimeter (LOLA). The model uses the demonstrated laser 
pulse energy and width, optical receiver parameters, and the 
detector response and noise characteristics. The instrument 
parameters are listed in Table 1, and detector characteristics 
can be found in recent publications [59, 65].
6.1  Models of the mars atmosphere
In order to estimate MARLI performance we selected several 
cases that represent the atmosphere under a range of atmos-
pheric aerosol (dust and water ice) loading. Observations 
of the Mars atmosphere have revealed complex interactions 
between its dust, water and  CO2 cycles [5, 8, 66]. The bulk 
of current spacecraft observations of the global Mars atmos-
pheric state come from the Mars Global Surveyor (MGS) 
and Mars Reconnaissance Orbiter (MRO) spacecraft, which 
show large temporal variations in the amount and vertical 
distribution of dust and ice aerosols and water vapor [13, 
17]. For this work we extracted aerosol profiles using extinc-
tion profiles (version 5.2.4) from the Mars Climate Sounder 
(MCS) on the MRO [67–69]. The MCS extinction retrievals 
were then scaled to the MARLI wavelength of 1064 nm [70]. 
We chose to neglect molecular scattering since it is so small 
at the low atmospheric pressure of Mars [9].
The first atmospheric case was chosen to represent a 
relatively dust-free atmosphere, where water ice scattering 
would make up a significant portion of the backscattered sig-
nal. This was drawn from MCS data averaged over Northern 
Hemisphere spring (Ls = 5°–30°) of Mars year 34 (MY34) 
northern latitudes (60° N–80° N). The second case was an 
average from Southern Hemisphere spring (Ls = 150°–230°) 
of MY33 mid-latitudes (50° S–25° N), representing an 
Fig. 7  HgCdTe sensor chip assembly photograph and schematic 
adapted from [63]. (inset) A drawing of the integrated detector and 
cooler assembly (IDCA) being developed for the MARLI detector. 
The IDCA dimensions are approximately 10 cm by 20 cm by 10 cm
Fig. 8  Block diagram of the two-stage wavelength monitor subsys-
tem. The second stage uses a small central portion of the DOE and 
fused silica etalon in the lidar receiver that are shadowed by the tel-
escope’s secondary mirror
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intermediate dust scattering case. Finally, a model was cre-
ated from MCS data during the MY34 global dust storm 
(80° S–80° N) to calculate lidar performance under high dust 
loading. The extinction profiles were linearly extrapolated to 
the surface as a function of height in cases where full-height 
data from MCS retrievals were not available.
For these models the extinction to backscatter ratio for 
dust was assumed to be 40 steradians based on measure-
ments made by the lidar on the Mars Phoenix lander mis-
sion [71]. This ratio is also consistent with values for desert 
aerosols on Earth [72]. For water ice the extinction to 
backscatter ratio was assumed to be 15 steradians based on 
measurements from the Mars Phoenix lidar [73]. The cirrus-
like nature of clouds on Mars [42] led us to assume an ice 
depolarization ratio (𝛽⊥∕𝛽∥) of 0.47, taken from 1064 nm 
elastic lidar measurements of cirrus clouds [74] that formed 
above Earth. The parallel-polarized backscatter signal is 
thus a combination of scattering from dust and ice, while 
the perpendicularly-polarized backscatter was assumed to 
be from ice. The backscatter profiles used to determine the 
instrument performance are the attenuated parallel (Fig. 9a) 
and perpendicular (Fig. 9b) profiles for each of the three 
atmospheric cases.
6.2  Double‑edge Fabry–Perot Etalon
The optical transmission wavelength [75] of the receiver’s 
fine etalon is given by
where 휂pk is the peak transmission, F  is the finesse of the 
etalon, F휆 is the free spectral range, 훿
(
휆, 휃,F휆
)
 is the phase 
delay of the light after each pass through the etalon, 휆 is the 
optical wavelength, and 휃 is the light incident angle. The 
phase difference in Eq. (1) is given by
with 휆c the wavelength at the peak transmission and nE 
is the etalon index of refraction. For a fused silica etalon 
nE = 1.45 . The center wavelength is rounded to the nearest 
integer value for mathematical convenience. In practice, the 
etalon wavelength is temperature-tuned to within the operat-
ing range of the laser.
The fine etalon design for MARLI has a peak transmis-
sion of 70%, a free spectral range of 2.5 GHz and a pass 
band of 0.1 GHz. The rest of the etalon parameters can be 
derived [75] and are listed in Table 1. For illumination at 
small offsets from normal incidence, the etalon transmission 
(1)휂E(휆) =
휂pk
1 +
(
2F
휋
)2
sin2
[
1
2
훿
(
휆, 휃,F휆
)]
(2)훿
(
휆, 휃,F휆
)
=
2휋
휆
⋅
휆2
c
F휆
cos
(
휃
nE
)
is similar to that at normal incidence, but the peak transmis-
sion is shifted slightly longer in wavelength and the peak 
becomes asymmetrical, broadening on the higher frequency 
edge [55, 76]. We note that an accurate calculation of the 
full etalon response for this beam would include effects of 
a three-dimensional beam with finite divergence [77]. Our 
simplifying approximation of using two symmetrical filter 
edges was made because in the DEFP method the received 
signal only passes through the low-frequency edge of the 
off-axis bandpass. In practice we can also measure the 
etalon transmission versus frequency for both beams once 
the etalon is mounted in the receiver subsystem to determine 
the actual double-edge response function.
For the double-edge wind measurement, the MARLI 
approach calculates the ratio of the difference to the sum 
(RDOS) of the signals through the etalon as
 
Fig. 9  The Mars atmospheric backscatter profiles used to predict 
MARLI measurement performance were computed from MCS 
retrievals. a Attenuated backscatter (βT2) with polarization parallel to 
the transmitter for the three atmospheric test cases as a function of 
altitude. b Attenuated backscatter with polarization perpendicular to 
the transmitter for the same three cases
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where fDE(휆) is the double-edge etalon response function, 
and 휂E0(휆) and 휂E1(휆) are the etalon transmission at the 
normal and slightly off-axis incidence angles, and λ is the 
Doppler-shifted wavelength. The off-axis angle is chosen 
such that the low-frequency edge of the off-axis etalon trans-
mission curve crosses the on-axis etalon transmission curve 
at the midpoint, as shown in Fig. 6. The Doppler shift in the 
backscattered signal is related to the wind speed vw by
where c the speed of light and λ0 is the transmitted laser 
wavelength. The Doppler profile in the LOS direction can 
be expressed as
 
Here f −1
DE
(⋅) is the inverse function of Eq. (3), which can 
be obtained numerically, and Ns0(h) and Ns1(h) are the net 
received signal through the etalon in the on-axis and off-
axis channels integrated over a given atmosphere layer and 
a number of repeated measurements. Figure 10 shows a plot 
of the RDOS of the etalon transmission as a function of 
the cross-track horizontal wind speed. The derivative of the 
RODS with respect to the wind speed is also plotted. We 
designate this derivative as the Error Multiplier, which is 
the factor by which the sensitivity of the double edge filter is 
reduced as the Doppler shift increases in amplitude. The plot 
shows the present MARLI etalon design allows estimating 
horizontal wind speeds to ± 60 m/s in the viewing direction 
(3)fDE(휆) =
휂E0(휆) − 휂E1(휆)
휂E0(휆) + 휂E1(휆)
(4)Δ휆D = 2휆0vw∕c
(5)vw(h) =
1
2휆0
f −1
DE
(
Ns0(h) − Ns1(h)
Ns0(h) + Ns1(h)
)
and that wind speeds of ± 45 m/s can be measured with an 
Error Multiplier < 3.
6.3  Expected wind measurement uncertainty
The lidar receiver signal passing through the double-edge 
filter in the on-axis direction can be written as [78],
where Ns0(h) is the total number of the integrated signal 
photons from the on-axis path from the atmosphere layer at 
altitude h of thickness ΔH (2 km) and from averaging time, 
Tav , of 40 s, hf  is the photon energy, Et is the laser pulse 
energy, 훽(h) is the atmosphere volume backscatter coeffi-
cient per polarization axis in 1/m-sr at altitude h , T2(h) is the 
two-way optical transmission of the atmosphere layer being 
measured, 휂2
a
 is the two-way transmission from the upper 
atmosphere not included in T2(h) , 휂O is the optical transmis-
sion of the MARLI receiver optics including the bandpass 
filter, polarization beamsplitters, and coarse etalon, AT is the 
receiver telescope aperture area, Hs is the spacecraft orbit 
altitude, 휃p is the laser beam pointing angle from nadir direc-
tion, and 휂E
(
Δ휆D
)
 is the on-axis etalon transmission with 
Doppler shift Δ휆D due to the LOS wind. The signal passing 
through the etalon at the off-axis angle can be calculated by 
replacing 휂E0
(
Δ휆D
)
 with 휂E1
(
Δ휆D
)
 in Eq. (6).
The average background photons per range bin detected 
by the receiver can be calculated from
where I휆 is the spectral irradiance from the Sun 
(277 W/m µm) at 1064 nm, 휌 is the assumed surface reflec-
tance (0.26), Δ휆f is the equivalent filter bandwidth calcu-
lated from integrating the filter stack transmission over the 
passband, and 휃FOV is the receiver field of view. The factor 
of ½ in Eq. (7) accounts for the effect of the polarization 
beamsplitter which reflects ½ the solar background light. 
There is also detector dark noise ND which is 55 kHz for 
each pixel, with four pixels being summed per channel for a 
dark noise rate of 220 kHz. The integration time for the SNR 
computations is 40 s (10,000 shots) and measurements are 
made in 2-km range bins (ΔH).
For the HgCdTe APD detector used in MARLI, the per-
formance is nearly shot-noise limited [59] and hence the 
variance of the detected signal can be approximated by the 
(6)
Ns0(h) =
1
hf
Tav
h+ΔH∕2
∫
h−ΔH∕2
Et
[
훽(h)T2(h)
]
휂2
a
휂OAT[(
Hs − h
)
∕cos휃p
]2 휂E(Δ휆D) c2dh
(7)
⟨
Nbg
⟩
=
1
2
⋅
1
hf
TavI휆
휌
휋
Δ휆f 휂
2
a
휂OAT 휋
(
휃FOV
2
)2
휂pkΔH
2
c
Fig. 10  Response of the receiver ratio of the difference over the sum 
of the double edge etalon filter (in blue) and the measurement error 
multiplier (in red) versus the cross-track horizontal wind speed. 
These plots are for the present etalon used in the lidar prototype
 D. R. Cremons et al.
1 3
sum of the mean signal, solar background, and the detec-
tor dark counts. The variance of the RDOS terms from the 
double-edge etalon can be approximated by first taking the 
partial derivatives of Eq. (3) with respective to each signal 
and then computing the variance assuming the two output 
signals from the double edge etalon are independent, as,
Here 훿Ns0(h) denotes the random noise from the on-axis 
etalon output, and VAR
{
훿Ns0(h)
}
≈ Ns0(h) + 2Nbg + 2ND . 
The noise terms from the background photons and dark 
counts are multiplied by two because the approach sepa-
rately estimates the background between the laser pulses and 
subtracts it from the total when the laser pulse is present. 
The random error in the wind velocity measurement can 
be approximated by multiplying results from Eq. (8) by the 
error multiplier given in Fig. 10.
To determine a nominal wind speed with which to cal-
culate instrument performance, we calculated the mass (i.e. 
pressure) weighted wind speed on Mars (combining the 
zonal and meridional winds) over the entire year over the 
globe. The result was an average speed of 18 m/s. The results 
of the instrument model are shown in Fig. 11 for a cross-
track, horizontal nominal wind speed of 18 m/s. The results 
of the instrument model suggest the instrument is particu-
larly sensitive to wind in the lower atmosphere, with random 
error between 1.5 and 6 m/s (for dust storms) at the surface.
The scale height of the Mars atmosphere is ~ 11.1 km, and 
approximately 95% of the atmospheric mass is contained in 
(8)VAR
�
Ns0(h) − Ns1(h)
Ns0(h) + Ns1(h)
�
≈ VAR
⎧⎪⎨⎪⎩
휕
�
Ns0(h)−Ns1(h)
Ns0(h)+Ns1(h)
�
휕Ns0(h)
훿Ns0(h) +
휕
�
Ns0(h)−Ns1(h)
Ns0(h)+Ns1(h)
�
휕Ns1(h)
훿Ns1(h)
⎫⎪⎬⎪⎭
the lowest 3 scale heights. The MARLI performance mod-
els show its wind speed retrievals typically show random 
errors < 4 m/s in the lowest ~ 3 scale heights under the three 
dust-loading conditions considered. Since the vast majority 
of atmospheric transport of dust, water, and trace species 
occurs in this region of the atmosphere MARLI’s precision 
enables discrimination of the transport characteristics of the 
mean atmospheric circulation (i.e., the Hadley circulation) 
and intermittent/irregular processes such as baroclinic and 
barotropic waves, atmospheric tides, and stationary waves. 
Understanding Mars atmospheric transport is key for resolv-
ing long standing questions about the Mars atmosphere and 
climate. This precision is also sufficient for evaluating gen-
eral circulation models and for assimilating MARLI meas-
urements into improved atmospheric models.
6.4  Relative error of atmospheric backscatter 
profile measurements
The characteristics of the backscatter profile measurement 
were calculated in a similar manner, but by summing the 
signals from the normal incidence and off-axis signals 
from Eq. (6). Figure 12a shows the relative error, defined 
as the ratio of the standard deviation to the mean for the 
atmosphere backscatter profile measurements in the paral-
lel polarization. The relative error for the cross-polarization 
(perpendicular) channel was obtained similarly by using 
the passband width for the coarse filter only and the opti-
cal transmission without the etalon and the beam splitting 
optics. The uncertainty in depolarization ratio can be calcu-
lated from the relative errors of the parallel and perpendicu-
lar polarization channels.
MARLI’s sensitivity to dust and water ice aerosols is par-
ticularly advantageous in the atmospheric boundary layer 
and lowest pressure scale height in the atmosphere, where 
existing observations (e.g., from MCS and the Thermal 
Emission Spectrometer) are either insensitive (due to high 
line-of-sight opacity in limb-viewing geometry) or have 
only coarse resolution. This unique ability to resolve the 
near-surface region of atmosphere at 2 km vertical resolu-
tion will help resolve questions regarding dust lifting pro-
cesses, sources and sinks of dust, and how dust is transported 
through the atmosphere. Additionally, MARLI’s 2 km verti-
cal resolution is superior to existing dust observation clima-
tologies and will help better resolve mesoscale phenomena 
such as high-altitude dust layers and dust plumes.
Fig. 11  The RMS wind-speed uncertainty from the MARLI instru-
ment model computed as a function of altitude from the surface for 
the case of a uniform cross-track horizontal wind speed of 18  m/s. 
This uncertainty will be modified at different wind speeds via the 
error multiplier shown in Fig. 8
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7  Future work
We are currently building a prototype instrument using a 
prototype laser transmitter and the optical receiver described 
above with a 14-cm diameter receiver telescope, and the 
integrated detector-cooler assembly. Our plans are to dem-
onstrate wind measurements using lidar backscatter from 
thin cirrus clouds in Earth’s atmosphere, which approximate 
the backscatter characteristics of the Mars atmosphere. We 
are also testing the thermal design of the double-edge filter 
assembly to verify its performance in air and in vacuum. 
In addition, we will continue to develop our instrument 
model to include factors such as laser frequency stability 
and etalon thermal stability. We will also perform a trade 
study to optimize the passband width of the double-edge 
filter based on the expected dynamic range of winds in the 
Mars atmosphere. The objective is to find the best tradeoff 
between using a broader linewidth etalon to expand the wind 
measurement dynamic range versus the impact of increasing 
the wind measurement uncertainty at lower wind speeds.
8  Summary
We are developing MARLI, a direct detection wind and 
aerosol lidar for Mars orbit. The design uses a pulsed single-
frequency Nd:YAG laser and the double-edge Fabry-Pérot 
technique to resolve the Doppler shift in the atmospheric 
backscatter profiles. MARLI is being designed to provide 
global, height-resolved measurements of LOS winds, aerosol 
backscatter, and depolarization ratio. We have developed 
an instrument performance model that includes measured 
atmospheric scattering for a range of Mars atmospheric 
conditions. The performance has been calculated assuming 
averaging of 40 s (2° in latitude) with a vertical resolution of 
2 km. The results show typically < 4 m/s random error wind 
measurements from the surface to 35 km. We have devel-
oped breadboards and prototypes of the laser, wavelength 
locking method, the receiver optics, and detector. Ongoing 
work involves completing the prototypes and demonstrating 
measurements to thin cirrus clouds in Earth’s atmosphere.
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